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We demonstrate for the first time inscription and wet 
dissolution study of Bragg gratings in a bioresorbable 
calcium-phosphate glass optical fiber. Bragg gratings, 
with average refractive index changes of 5.8 x 10-4, were 
inscribed using 193 nm excimer laser radiation. Results 
on the dissolution of the irradiated fiber in simulated 
physiological conditions are presented after immersing a 
tilted Bragg grating in phosphate buffered saline solution 
for 56 h selective chemical etching effects are also 
reported. The investigations performed pave the way 
towards the use of such phosphate glass fiber Bragg 
gratings for the development of soluble photonic sensing 
probes for the efficient in-vivo monitoring of vital 
mechanical or chemical parameters. © 2017 Optical 
Society of America 
OCIS codes: (060.3735) Fiber Bragg gratings; (060.3738) Fiber Bragg 
gratings, photosensitivity; (060.2370) Fiber optics sensors; (160.2290)   
Fiber materials; (160.1435) Biomaterials. 
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During the last two decades, optical fiber technology has 
achieved increasing penetration in biomedicine [1] with indicative 
applications in endoscopic imaging, localized tissue modification 
and diagnostic and therapeutic sensing [2]. Focusing on 
biomedical sensing, there are applications where a glass optical 
fiber should be attached or even inserted inside the human body 
for obtaining information. A critical requirement which arises with 
respect to such a sensor is that of biocompatibility; a condition that 
is intrinsically satisfied by conventional silica optical fibers, which 
are nontoxic and biochemically inert. However, silica is a hard and 
chemically resistant glass, thus an accidental breakage is 
dangerous for the patient, rendering this choice non-preferable for 
interstitial or intravascular uses. The solution to this problem can 
be represented by a bioresorbable glass; a glass that can be safely 
assimilated by the human body in a limited amount of time in case 
of breakage.  
The requirement for soluble sensors in medical applications is 
widely recognized among relevant communities and recent 
studies have also been presented involving additional technologies 
such as bioresorbable silicon electronic sensors [3]. For the case of 
biocompatible and resorbable optical fibers, noticeable research 
efforts in the last decades have led to the fabrication of 
biodegradable fibers and waveguides for sensing purposes 
employing glasses but also polymers and silk based materials [4-
9]. However, for sensing applications the fiber must exhibit good 
mechanical durability, high optical transmission and a 
stoichiometrically tunable dissolution rate. With this aim, studies 
employing phosphate glasses have recently resulted in the 
fabrication of optical fibers with enhanced optical transmission 
properties, allowing the drastic reduction of optical propagation 
loss [9]. These magnesium-calcium-phosphate glass fibers contain 
non-toxic ion-modifiers that define their chemical and optical 
properties and dissolve in simulated physiological conditions e.g. 
in Phosphate Buffered Saline (PBS) solution [9].   
One of the most promising technologies that has been suggested 
for biomedical sensing applications involving optical fibers is that 
of Fiber Bragg Gratings (FBGs) [10, 11]. FBG sensors are a mature 
photonic technology with established applications in structural 
health monitoring, while their use in a wide selection of biosensing 
applications has also been suggested including articular joint 
pressure monitoring [12], plantar pressure and human–machine 
interface sensing pads [13], DNA detection [14] and measuring of 
mechanical strain in bones [15].   
Herein we demonstrate the first inscription of Bragg gratings in a 
bioresorbable phosphate glass optical fiber. Initially, we report on 
the inscription of standard and tilted Bragg gratings. Subsequently, 
the tilted Bragg gratings are used for spectrally monitoring the 
dissolution of the optical fiber in PBS solution, with pH and 
temperature conditions that resemble those of the human body. 
Scanning electron microscopy (SEM) analysis of the dissolved 
optical fibers revealed that selective chemical etching occurs and 
strongly depends on the intensity of the inscription laser beam 
absorbed by the fiber. Finally, a Raman study is also presented to 
further examine the effect of UV irradiation on the glass fiber.   
While the inscription of Bragg gratings in phosphate and 
phosphosilicate glass optical fibers has been demonstrated [16] in 
the past using deep ultraviolet (193 nm) laser radiation [17, 18], 
the present study investigates how Bragg gratings inscribed in 
bioresorbable optical fibers behave under controlled dissolution 
conditions, for projecting possible intra-vein/-body applications 
and possible hurdles that may arise towards this direction. 
The bioresorbable optical fiber employed for the grating 
inscriptions was fabricated by preform drawing, with the preform 
being obtained by the rod-in-tube technique. The core and 
cladding glasses were synthesized by melting a powder batch of 
high purity (99+%) chemicals (P2O5, CaO, MgO, Na2O, B2O3, SiO2) 
inside an alumina crucible at a temperature of 1200 °C for 1 h, 
followed by casting into preheated brass molds. The core glass was 
cast into a cylindrical mold to form a 12 mm diameter rod, while 
two identical cladding tubes were shaped by rotational casting at a 
rotation speed of 3000 rpm using an equipment developed in-
house. The core and cladding calcium-phosphate glass 
compositions were ad-hoc engineered to guarantee a unique 
combination of optical and biological functionalities [9]. In 
particular, the glasses resulted to be: homogeneous; stable against 
de-vitrification (T  200 °C) and therefore suitable for fiber 
drawing; soluble in simulated physiological conditions (PBS, pH = 
7.4 at 37 °C) with a dissolution rate of 2-4 m/day; transparent in 
the near UV region down to 240 nm. The transparency in the near 
UV region represents one of the most important assets of glass 
based biocompatible and resorbable optical fibers with respect to 
polymer based bioresorbable waveguides [19], and is a feature of 
paramount importance in view of introducing significant changes 
in the refractive index of the material by appropriate UV 
irradiation. The optical fiber showed diameters of 15 and 120 m 
for the core and the cladding, respectively, with a corresponding 
numerical aperture (NA) value of 0.07. These parameters were 
designed in order to achieve a single-mode behavior at 1550 nm, 
while an attenuation loss of 1.9 dB/m at 1300 nm was measured 
by the cut-back technique.  
For the inscription of the Bragg gratings, a standard 1064.7 nm 
period phase mask setup, with a 193 nm high spatial coherence 
and 10 ns pulse duration excimer laser (Braggstar, TUI laser), was 
used. The energy density of the inscription beam was set to 108 
mJ/cm2, as higher energy densities were found to induce surface 
damage to the fiber cladding. The gratings transmission and 
reflection spectra were monitored in real time during inscription 
using a broadband superluminescent diode source and an optical 
spectrum analyzer, while a length of phosphate fiber (typically of 
the order of 10 cm) was fusion spliced to standard single-mode 
fiber (SMF28e, Corning Inc.). Typical losses per splice were of the 
order of 1 dB, at 1550 nm. A 100 min irradiation at 10 Hz resulted 
in the monotonous shift of the inscribed Bragg wavelength to 
higher values before reaching saturation. A 6 dB strong notch was 
formed for an accumulated energy density dose of approximately 
4 J/cm2 (see Fig. 1(a)). This grating inscription behavior is 
considered to be of Type I [16]. Based on the Bragg wavelength 
shift measured, the induced average refractive index change at the 
end of the inscription is equal to 5.8 x 10-4 [10].  
The cladding mode resonances observed in optical fiber Bragg 
gratings are an efficient way to monitor surface related 
phenomena, rendering them suitable for studying the dissolution 
of the phosphate glass optical fiber. However, the phosphate 
glasses constituting the core and cladding of this optical fiber have 
almost the same stoichiometry. Therefore, grating fringes are 
written in both glasses and as a result coupling to cladding modes, 
typically observed for standard Bragg gratings, is suppressed [20]. 
The cladding mode coupling suppression is facilitated by modal 
orthogonality. This condition is automatically satisfied for 
refractive index modulations uniformly recorded over the whole 
area of the fiber cross-section and renders the coupling constant 
overlap equal to zero. To overcome this inherent photosensitivity 
issue, tilted Bragg gratings [21] were recorded to excite cladding 
modes of azimuthal parity.   
  
Fig. 1. Normalized transmission (black in online color edition) and 
reflection (blue in online color edition) signals of (a) a standard FBG 
after accumulated energy density dose of 4 J/cm2 and (b) a FBG with a 
1° tilt angle and accumulated energy density dose of 5.2 J/cm2; for both 
inscriptions the UV laser beam pulse energy density was 108 mJ/cm2 
and the repetition rate 10 Hz. 
Attempts to inscribe tilted FBGs with the conditions described 
above and a tilting angle of 2° did not result in measurable Bragg 
and cladding mode resonance signals, thus the tilting angle was 
lowered to 1°. Fig. 1(b) shows the normalized 1° tilted FBG 
transmission and reflection signals for an accumulated energy 
density dose of 5.2 J/cm2. The increased inscription energy dose, 
compared to that used for the standard gratings, was required in 
order to inscribe strong cladding mode resonances. In addition to 
the fundamental Bragg peak attenuation signal, that is diminished 
in strength in comparison to the standard inscription but still 
present at 1606 nm, the tilted FBG spectra exhibit the so-called 
“ghost” peak at 1605.3 nm. This peak has similar characteristics 
with the Bragg line and is attributed to the superposition of several 
tightly confined lower order cladding modes [22]. The phosphate 
fiber–SMF splice joints may induce back reflection of light [23] and 
core-cladding coupling, which can lead to multimodal interference 
spectral fringes due to the small length of the spliced fiber. As a 
result, the small cladding mode resonances at lower wavelengths 
are masked in the transmission signal, while in the reflected signal 
a few weak cladding mode peaks are visible. 
To allow online monitoring of the optical fiber dissolution, the 
tilted FBG was immersed into PBS solution, in pH and temperature 
conditions that resemble those of the human body. The evolution 
of the grating signal was monitored regularly, starting from the 
first few minutes after immersion up to 56 h. The spectra recorded 
for the reflected and transmitted signals are shown in Figs. 2(a) 
and (b), respectively. It is worthwhile to note that changes in the 
reflected signal are evident just after a few hours in the solution, 
with the emerging of additional cladding mode peaks in the region 
between 1603 and 1605 nm. For prolonged immersion periods 
(49 h onwards), the fundamental FBG peak is also modified in 
wavelength, shape and strength. In particular, a strength drop 
from an initial value of 0.78 dB down to 0.25 dB was registered 
after an immersion time of 56 h in PBS.  
   
Fig. 2. Reflected (a) and transmitted (b) signals evolution of a 1° tilted 
FBG immersed in PBS solution for up to 56 h. The baseline of the 
different spectra has been adjusted vertically to assist visualization.    
Similar conclusions are drawn from the transmitted signal 
spectra, where the similarity in the response of the fundamental 
and ghost peaks is reinforced. This behavior is not surprising, since 
the ghost mode corresponds to low order cladding modes 
characterized by a modal dispersion response which is highly 
similar to that of the core guiding mode manifested at the 
fundamental Bragg peak [21]. Nonetheless, this profound change 
in the signal of the fundamental FBG peak for an immersion time of 
56 h was a rather unexpected finding, since previous studies [9] 
had indicated that the dissolution of the optical fiber with this 
specific stoichiometry exhibits slower diameter decrease rate of 2-
4 μm/day. 
To further examine the dissolution process of the exposed 
optical fiber, SEM images of an optical fiber with a Bragg grating 
immersed in PBS solution for up to 56 h (see Figs. 3(a) and (b)) 
were acquired. These SEM images revealed a profound selective 
chemical etching process induced by the PBS medium; namely, the 
laser exposed region exhibited a manifold faster dissolution rate, 
resulting in the sculpting of a relief pattern onto the phosphate 
glass optical fiber surface. As expected, the faster dissolution rate of 
the UV exposed phosphate glass regions closely depends on the 
laser intensity pattern [24].  
In order to gain additional information on the dependence of the 
etching rate on the intensity distribution of the irradiating laser 
beam within the fiber volume, a phosphate glass optical fiber with 
a Bragg reflector, inscribed with the aforementioned conditions, 
was cleaved within the FBG section and the exposed fiber was 
subsequently immersed in the PBS solution for 5 h. Fig. 3(c) shows 
a SEM image of the end face of the optical fiber, revealing a non-
circularly symmetric dissolved pattern closely following the 
caustic intensity of the irradiation beam. This experimental finding 
confirms previous finite difference time domain (FDTD) 
simulations (OptiFDTD) of the propagation of the externally side-
illuminated laser beam for Bragg grating recording, wherein the 
cladding interface causes beam lensing inside the optical fiber 
volume as shown in Fig. 3(d) [25]. The agreement between the 
experimental and the simulation results of Figs. 3(c) and (d) is 
particularly prominent. The laser assisted selective chemical 
etching in a non-toxic solution demonstrated for this bioresorbable 
glass optical fiber can pave the way towards the development of 
optical fiber and planar microfluidic/optofluidic disposable 
sensing devices.  
 
Fig. 3. End face (a) and side (b) views of the cladding region of an 
irradiated optical fiber (energy dose of 5.2 J/cm2) immersed in PBS. A 
side section of the fiber was intentionally removed to reveal inner 
regions. (c) End face view of the FBG region after 5 h in PBS and (d) 
FDTD simulation of intensity spatial distribution (input beam intensity 
3.6 MW/cm2) of a side-irradiated optical fiber. The blue arrow in (d) 
indicates the direction of laser beam illumination.  
The asymmetric dissolution of the optical fiber critically affects 
the evolution of the cladding mode spectral signature (see Fig. 2), 
rendering its exact theoretical description based on the optical 
fiber diameter change impossible. This signal evolution due to the 
selective glass etching, even in the absence of a targeted sensing 
parameter, depends on the fiber composition, dissolution 
environment conditions (e.g. pH and temperature) and exposure 
conditions. For the specific experimental conditions employed, the 
fundamental Bragg resonance is spectrally unaffected for at least 
49 h after the immersion. It is expected that multi-cladding optical 
fibers of controlled dissolution could be fabricated (by tuning 
phosphate glass composition) for which the fundamental mode is 
not largely affected by the wet etching of the fiber cladding during 
the time span required for a specific application.   
Additional experiments were performed as described in detail in 
[9] for determining the dissolution rate in PBS of the phosphate 
glass fiber following Bragg grating inscription with a UV energy 
dose of 5.2 J/cm2. An etching rate of ~ 20 µm/day was obtained, 
which is significantly greater than that of the pristine fiber [9].  
Previous studies have shown that prolonged exposure of the 
phosphate glass to radiation with photon energy within the 
Urbach tail of the material results in extensive de-polymerization 
of the glass network, mostly prompted by the cleaving of P-O 
bonds [26, 27]; this radiation induced structural modification can 
accelerate the wet dissolution process of the exposed glass. Thus, 
for further investigating the dissolution mechanism of the 
phosphate fibers in simulated physiological conditions, micro-
Raman spectroscopy has been carried out both on pristine and UV 
exposed fibers before and after immersion in PBS.  
Fig. 4 presents the Raman spectra of the fibers before and after 
UV exposure (radiation dose of 5.2 J/cm2), as well as the 
corresponding spectra of the same fibers after their immersion in 
PBS solution for 5 h. The UV exposed fiber shows an increase in the 
intensity of the band at ca. 1180 cm-1 corresponding to the 
symmetric stretching vibration of terminal PO2- groups relative to 
that of P-O-P bridges stretching vibration at ca. 710 cm-1 [28, 29], 
indicating a noticeable de-polymerization of the phosphate glass 
network upon laser exposure, in agreement with previous reports 
[26, 27]. 
 
Fig. 4. Raman spectra of the phosphate fibers before and after UV 
exposure at an UV energy dose of 5.2 J/cm2 and corresponding spectra 
after fiber immersion in PBS solution for 5 h. To allow comparison, all 
spectra are normalized with respect to the band at ca. 710 cm-1. 
While the weathering of phosphate glasses within aqueous 
solutions starts with the hydrolysis of the modifier cations, it 
eventually continues with the incorporation of hydroxyl (-OH) 
groups bonded to the phosphate network. The latter process can 
take place via two mechanisms, namely by either breaking P-O-P 
bridges for the formation of chain terminating P-OH groups under 
the reaction scheme P-O-P + H2O → 2 (P-OH), or/and by separating 
cation chain links under the scheme P-O-M + H2O → P-OH + M-OH, 
where M is the modifier cation [30]. Raman analysis revealed that 
the predominant mechanism for the introduction of -OH hydroxyl 
groups to the UV irradiated fiber is indeed the first, as the 
irradiated fiber placed in PBS solution exhibits the largest I(PO2-
)/I(P-O-P) ratio (1.65), thus pointing out that -OH groups are 
incorporated to the expense of P-O-P bridges. Notably, the 
corresponding ratio for the pristine fiber immersed in PBS for the 
same period is considerably lower, i.e. 1.05, highlighting the 
importance of UV irradiation on the initiating of the hydrolysis 
process.  
In summary, we have shown the inscription of Bragg gratings in 
a phosphate glass resorbable optical fiber and studied their 
selective wet dissolution behavior in simulated physiological 
conditions. The results presented indicate that gratings with 
tailored dissolution behavior, controlled by fiber composition, 
inscription conditions and dissolving medium, could be fabricated 
for in-vivo applications with a specific time span of operation, such 
as deep-tissue photodynamic therapy including ablation processes 
[31]. 
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